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Introduction 


In January of 1991, the LaRC SSFO performed an assessment of the 
characteristics of the proposed pre-integrated Freedom concept. Of partial at 
concern was the relationship between solar array operation and spaceuaft 
controllability. For the Man-Tended configuration (MTC), it was determine 
that torque equilibrium attitude (TEA) seeking CMG control laws could not 
always maintain attitude using four CMGs. Control problems occurred when 
the solar arrays were tracking the sun to produce full power while flying in an 
arrowor gravity gradient flight mode. At these attitudes, high rate alpha join 
motion may occur during an orbit when the direction to the sun is nearly paiallel 
"a^ta joint rotation vector. This in turn leads to significant variations 
in configuration inertia, thus 1) invalidating constant inertia control ^ 
derivation assumptions, and 2) exerting a disturbance torque on the CMC 
controlled core body. Several modified sun tracking techniques were evaluated 
with respect to producing a controllable configuration requiring no 
modifications to the CMG control algorithms. A feathered light attitude 
produced satisfactory control characteristics but reduced available powei fiorn 
\s 75 kw to an average of 8.7 kw. Other constrained sun tracking sliateg.es 
eliminated the large solar array articular motions and the associated 
controllability problems while only reducing full power by an aveiage o u| 
10% Another assessment involved the asymmetric Permanently Manned 
Configuration (PMC) which has a third PV unit on one side of the transverse 
boom Results indicated that this configuration would ut.hze almosUwo-du.ds 
of the CMG momentum storage capability at an orbital altitude of -- nau u 
miles. Other simulations indicated that the addition of a berthed oibner utilized 
nearly all of the available CMG capability. 

This report summarizes the above study. Report recommendations include 
constraining alpha rotations for MTC in the arrow and gravity gradient l ight 
mixles and perhaps developing new non-TEA seeking control laws 
Recommendations for PMC include raising the operational altitude, 01 moving 
to a symmetric configuration as soon as possible. 
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associated with either orientation. 
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The restructured MTC flown with the arrays locked in a feathered orientation (either arrow or gravity gradient) is easily 
controllable. However, the power loss is significant. Of the 18.75 kW capacity, only 8.7 kW annual average power is 


m 

X) 2 

’S « 

£ o 


D Tj -5 

« o 2 
J2 « E 

T O 

u i " 

7 £ w 

w G *-» 

a ^ c 

•c § i 

c 2 .is 
-o o' 

M3 « 

C .g 


OJ 3 

bft bfi -C 

^ in g 
S § a 

3 U T3 

c u ^ 
” H S 

J! S a 

^ <u <u 

-s *s ^ 

*5 <D 

£ >5 

W U, pO 
<D g Cd 

zg S c 

r. C (q 
£ U 
*— * ! 

c § b 

o ^ c 

o 1 8 

s C c/> 

O “ £ 

7 73 7. 


cd *-» 

■§..* 
73 & 
oj is 
x i 
w G 
D 

c £ 

c >' 

>> 3 

X) X 


<U 

o i-. 


cx > 

r* 

4-1 

0) 

Z b 

aj S 
g 2 
.? a 

G 

C 

o 

OJ 

u 

1 

c i 

C c 

3 

8 « 

S a> 
-5 ^ 

V-l +-J 

2 x 

12 -f 

22 w) 

C c 

T3 

' 

c =3 

G 

4-i 

• pH 
*-* 
+— ■ 

cd 

G 

c 

2 

•° Z 
& o 

<U 4- 

c 

<d 

■4— » 

to 

U 

H 

2 ^ 
fa b 

cn cd 

rs 


bO 

.£ JS 
.« oo 
X 3 
t: c 


E c 

c u 

° =5 

c p 


f 3 

W 2 
.» 2 


’175 

e 

+— » 
G 

CM. 

G 

G 

«3 

cd 

•c 

T3 


X 

cd 

a; 

4-» 

c 

OJ 

CL 

G 

cd 


C 

6 

G 

G 

u 


1 

• i-h 

G 

CL 

a> 

’t/5 

c 

a> 

G 

p> 

• »— < 


G 

;o 

TD 

2 

G 

u. 

X 

in 


3 -F 
7D > 
fd 

u. u. 

w. W» 

|t c 

C Es 

5 

# £ 
o a 


. p 

®i c 

5 c 

<u 

£ S 
as 


v-1 C 

<u c 

T3 U 


g?i -s 

g "O 
to 5 
t» * 

to n-i 

C O 

3 o 

u 

«J .2 


£5 73 £ 

-^s 1= 

}J c u 
jp 3 Jr* 
H oo Ph 


12 


FREEDOM 



13 


arrow or the gravity gradient orientation can be maintained. 
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Yearly Power Variation for MTC in Arrow Flight Mode 
with Locked Alpha and Beta Gimbal Angles (Feathered) 
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. LVLH attitude assumed . 

. Yearly average available power is approximately 8.70 kW. 

. Minimum available power is 5.30 kW and maximum available power is 9.75 kW. 







Man-Tended in the Arrow Flight Mode (Feathered Arrays) 

Micro-G Environment 
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Man-Tended in the Arrow Flight Mode (Feathered Arrays) 




Date = 12/96 Alt = 220 nmi 





Man-Tended With Attached Orbfter (Sun-Tracking Arrays) 
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Date = 12/96 Alt = 220 nmi 
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1 . LVLH attitude assumed with locked alpha & optimal beta gimbal strategy. 

2. Yearly average available power is approximately 17.05 kW. 

3. Minimum available power is 11.54 kW and maximum available power is 18.75 kW. 

LaRC SSFO - 





An alternate technique was evaluated to obtain more power while avoiding the controllability problems associated with full 
sun-tracking. The concept was to utilize the alpha joint to make small periodic adjustments to more nearly sun-track. 
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CMG Characteristics and Attitude Rate Limits 
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>0.1 deg/sec Begins to degrade rendezvous capability 

(speed of minute hand) 


MTC Control Characteristics 
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Gravity gradient, sun-bracking configurations are not stable. 
Significant power reduction for non-articulating arrays. 

Semi sun-tracking is controllable and yields reasonable pow er. 

s. * not controllable using JSC/UT CMG control law 
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power reductions ( > 50%) when compared to articulating arrays, as expected. Three CMGs (capacity of 4745 N-m-s each) 
are required for steady state attitude control with the Orbiter attached to the MTC configuration (full sun-tracking). 
Free-flying sun-tracking MTC configurations are neither stable nor controllable using the described control algorithms. 
Reduced sun-tracking strategies, such as beta tracking only, overcomes controllability issues while still delivering adequate 
power. 


MTC Mass Inertia Properties 



30 


MTC Mass Inertia Properties 
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the semi-sun tracking technique described, whereby the alpha axis is locked and the beta axis articulates at 
orbit rate. 
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Semi-sun-tracking (beta articulation only) in arrow orientation offers 
good compromise between power and control. 
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PMC With Asymmetric Power Modules 
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PMC with Asymmetric Power Growth 
Micro-G Environment 
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PMC with Asymmetric Power Growth 
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PMC with Asymmetric Power Growth 
Micro-G Environment 


pC 


u 


■*— * 


*5- 


4> 


PG 


H 






■a 


*c 


<U 


pC 

a; 

4-J 

r* 

dxj 

w 

4-J 

G 


o3 

c 


c 

*c 

o 

o 

1 

4> 

c 

t-4 

* « 

b 

T3 

* « 

& 

E 

• **4 

O 

ri 

jC 

C 


4— ' 

>, 

o 

c 

a; 

pG 


4— 

'C 

03 

c 

♦ 1—4 

u 

3 


OXi 

*c 

1C 

03 

G 

c 

E 

o 

c 

U 

2 

Cl 

C/3 





*c 

4> 

4-» 

4> 

s 

E 

J3 

o 

i 

> 

5j 

T3 

03 

X) 

4> 

•G 

4—* 

N 

’C 

3 

L-i 

o 

C/3 

c/3 

4) 

* 

i_ 

£ 

Dh 

4> 

a> 


> 

G 

(-1 

H 

cd 


G 

4-* 

03 

G 

a 

4) 

T3 

N 

i 

*£ 

4) 

X 

c/3 

a> 

c/3 

pG 

0) 

■j— * 

4> 

a 

& 

u 

a> 

EL 

XJ 

<u 


T3 

r—4 

4) 

H 

u 

| 

G 


W) 

L-t 

ta 

v_/ 

a 

< 

j3 

U4 

H 

H 


40 


PMC with Asymmetric Power Growth 
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PMC With The Orbiter On Starboard Side 
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The figure depicts the asymmetric restructured PMC configuration with the Orbiter attached to the portside docking mast, 
in a tail down configuration. Thus the Orbiter is on the side opposite of the 3rd PV array pair. 
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PMC Control Characteristics 
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Steady state attitude rates for the asymmetric PMC are on the order of 0.01 deg/sec. The feathered 3rd array PMC yields 
attitude rates on the order of ± 0.002 deg/sec. Anything less than 0.01 deg/sec does not have a major impact on 
microgravity; any value less than 0.1 deg/sec does not significantly impact rendezvous, docking, and berthing operations. 

Both PMC configurations analyzed have similar micro-G environments, on the order of 2 micro-Gs or less. 


Asymmetric PMC Control Characteristics 

(3rd pair starboard side) 
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PMC Control Characteristics (continued) 
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Yearly Power Variation for PMC with Asymmetric Power 
Augmentation Concept with Feathered Outer Arrays 
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Yearly Power Variation for PMC with Asymmetric 
Power Augmentation Concept with Feathered Outer Arrays 
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Asymmetric PMC Mass Properties 
(3rd pair starboard side) 








52 






































> 

p* 


id 

Cl oo 

;s 


3 - SS 
<£ X> 
it 3 i2 

- w 

t/3 V 


</> 

C 

§ 

o 


in 

h- 


£ 

O 

s 

CL 


c (U 

<U V- 

E TJ 

<u C 

■ \z «* 

cr £ 

£ ^ 

— in 

c r- 
* c 

G w 


O 

E 

3 

t— * 

G 

<U 

E 


a 

G 


4 J 

pC 


<D 


S /3 

id 

U 

£ 

Px 

t) 

JC 


U 

id 


o> 

pC 


G 

id 

3 

cr 


a> 

TD 


U 

id 

Op 

id 

o 


U-, 

T 3 

a> 

<D 

* 

» 

**■ 

OP 

Gu 

c /3 

c /3 

oij 

id 

G 

• 

G 

C /3 

.2 

id 


(U 

w 

u 

.5 

G 

cd 

3 

01 ) 

C /3 

vG 

G 

C 

JC 


v- » 

o 

c 

CJ 


'u 

‘G 

s 

cd 

E 

3 

E 

01 ) 


IG 


G 

<u 

w 

o 

pC 

U 

t /3 

*—» 

2 

u 

PH 

Op 

a» 

Ol) T) 

G 

* p*p 

<D 

t /3 

-G 

'53 

C /3 

o 

<u 

Op 

a> 

Op 

w 



o 

V-, 

<-p 

3 

T 3 

00 

<D 

vG 

"O 

CD 

TD 

G 

id 

H 

<u 


w* 

« 

£ 

£ 

ft 

<u 

E 

id 

c 

fc 

ft 

id 

t/r 


54 




5*3 


Symmetric vs Asymmetric 
PMC Control Characteristics 
(no attached Orbiter) 
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Symmetric vs Asymmetric 
PMC Control Characteristics 
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Symmetric vs Asymmetric 
PMC Mass Inertia Properties 
(no attached Orbiter) 
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Symmetric vs Asymmetric 
>MC Mass Inertia Properties 

(no attached Orbiter) 
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The concern over the PMC configuration arises from the asymmetric photovoltaic array configuration, resulting from the 
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Increased CMG load due to large asymmetrically induced aero- 
dynamic torque ; Higher altitude = lower density = lower aero forces. 
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MTC Control Characteristics 
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MTC Control Characteristics 
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Asymmetric PMC Control Characteristics 
190 Nm Altitude (Design Atmosphere) 
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